Mice primed with
The incidence of infection with gram-negative bacteria such as Escherichia coli in patients undergoing abdominal surgery has increased in recent years. These infections frequently result in liver injury caused by lipopolysaccharide (LPS) derived from gram-negative bacteria (2, 4, 27) . LPS-induced acute liver injury in mice pretreated with heat-killed Propionibacterium acnes or viable Mycobacterium bovis bacillus Calmette-Guérin (BCG) has been widely used as a model of hepatic failure associated with endotoxin. Tumor necrosis factor alpha (TNF-␣) and Fas ligand have been shown to be effector molecules in these models (14, 19, 32, 33) . Interleukin-12 (IL-12), IL-18, and gamma interferon (IFN-␥) have been reported to be intimately associated with this experimental liver injury, suggesting that IL-12-or IL-18-activated Th1-dominant immune responses might be involved in the pathogenesis of liver tissue injury (32, 33) . In fact, Th1 cells capable of producing IFN-␥ have been shown to be responsible for triggering lethal shock (13, 23, 26, 29) . Although CD8 ϩ T cells are known to be involved in liver injury in several hepatitis models (1, 30, 39) , the contribution of CD8 ϩ T cells to LPS-induced liver injury and lethality has not been elucidated.
IL-15 uses the ␤ and ␥ chains of IL-2 receptor for signal transduction and thus shares many properties of IL-2 in spite of having no sequence homology with IL-2 (28, 37, 38) . IL-15 has been reported to have potential roles in the development and maintenance of significant fractions of lymphocytes, including NK cells, T-cell receptor ␥␦ (TCR␥␦) intestinal intraepithelial lymphocytes, and memory phenotype CD8 ϩ T cells (3, 10, 12, 42) . It has been reported that IL-15 transgenic (Tg) mice contain a large number of central-memory-phenotype CD8 ϩ T cells expressing CD44 high CD62L ϩ Ly6C ϩ in peripheral lymphoid tissues (5, 16, 22) and show strong protection against microbial infection via the increased generation of antigen (Ag)-specific CD8 ϩ T cells (34, 35, 40) . It is also evident in IL-15 Tg mice that the overexpression of IL-15 can stimulate Ag-nonspecific memory phenotype CD8
ϩ T cells in a bystander manner, providing protection at an early stage of bacterial infection (41) . Thus, IL-15-dependent CD8 ϩ T cells may play important roles in both innate immunity and acquired immunity against bacterial infection.
With the aim of determining the involvement of IL-15-dependent CD8 ϩ T cells in LPS-induced liver injury in BCGprimed mice, we examined the susceptibility of IL-15 Tg mice inoculated with BCG to LPS-induced liver injury. We found that BCG-primed IL-15 Tg mice were highly susceptible to LPS-induced liver injury. The number of CD44 ϩ CD8 ϩ T cells expressing intracellular IFN-␥ increased in BCG-primed IL-15 Tg mice after LPS injection. The T cells from BCG-primed IL-15 Tg mice produced IFN-␥ in vitro in response to LPS, which was inhibited by the addition of anti-IL-12 monoclonal antibody (MAb). The depletion of CD8 ϩ T cells in BCGprimed IL-15 Tg mice in vivo prevented LPS-induced lethal shock. IL-15-dependent CD8 ϩ T cells activated in a bystander manner may be involved in LPS-induced lethal shock in BCGprimed mice.
MATERIALS AND METHODS
Mice. C57BL/6-background IL-15 Tg mice, whose transgenicity was constructed using originally described IL-15 cDNA under the control of a major histocompatibility complex (MHC) class I promoter, have been described pre-viously (22) . Age-and sex-matched C57BL/6 mice obtained from Japan SLC (Hamamatsu, Japan) were used as control mice. All mice were 6 to 8 weeks of age. All experiments were done according to the criteria outlined in the Guide for the Care and Use of Laboratory Animals (20a).
Microorganisms and LPS. M. bovis BCG strain Tokyo was grown in Middlebrook 7H9 medium (Difco, Detroit, Mich.) supplemented with albumin-dextrose-catalase enrichment (Difco) and Tween 80 (Difco) at 37°C. At the mid-log phase, the bacteria in the culture were stored in Middlebrook 7H9 medium supplemented with albumin-dextrose-catalase enrichment, Tween 80, and 20% (vol/vol) glycerol at Ϫ70°C until they were used. E. coli-derived LPS (E. coli serotype O55) was purchased from Sigma (St. Louis, Mo.). Mice were infected intravenously (i.v.) with 10 6 CFU of M. bovis BCG and challenged 7 days later with LPS.
Antibodies and reagents. Fluorescein isothiocyanate (FITC)-conjugated anti-CD3ε (145-2C11), anti-CD44 (IM7), and anti-IFN-␥ (XMG1.2); phycoerythrin (PE)-conjugated anti-CD8␣ (53-6.7), anti-CD44 (IM7), anti-TCR␥␦ (UC7-13D5), and anti-NK1.1 MAb (PK136); Cy-Chrome-conjugated anti-CD4 (RM4-5) and anti-TCR␤ (H57-597); and allophycocyanin (APC)-conjugated CD44 (IM7) were purchased from Pharmingen (San Diego, Calif.). Cy-Chromeand APC-conjugated streptavidin were also obtained from Pharmingen. The cells were incubated with saturating amounts of FITC-, PE-, Cy-Chrome-, APC-, and biotin-conjugated Abs for 30 min at 4°C. To detect biotin-conjugated MAbs, cells were stained with Cy-Chrome-or APC-conjugated streptavidin. For in vivo CD8
ϩ -T-cell depletion or IFN-␥ neutralization, anti-CD8 or anti-IFN-␥ MAb was obtained by growing hybridoma 2.43 or R4 6A2 cells in serum-free medium (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan). Neutralizing rat anti-mouse IL-12 MAb (clone C15.6) was purchased from Biosource International. Neutralizing rat anti-mouse IL-15 MAb (G277-3588) was obtained from Pharmingen. Recombinant mouse IL-12 (rIL-12) and rIL-15 were purchased from Peprotech Corporation (San Diego, Calif.).
In vivo treatment with MAbs. For in vivo cell depletion, mice were injected intraperitoneally (i.p.) with 400 g of anti-CD8 MAb, 20 g of anti-asialo GM1 Ab, or isotype control rat immunoglobulin G (IgG) at 24 h before LPS injection. In some experiments, mice were treated i.p. with neutralizing anti-IFN-␥ MAb, anti-IL-12 MAb, or control rat IgG at 2 h before and after LPS injection.
Cell preparation. Liver mononuclear cells were prepared as described previously (25) . Briefly, fresh livers were immediately perfused with sterile Hanks balanced salt solution (HBSS) through the portal vein to wash out all remaining peripheral blood and then pressed through stainless steel mesh. After the coarse pieces had been removed by centrifugation at 50 ϫ g for 1 min, the cell suspensions were again centrifuged, resuspended in 8 ml of 45% Percoll (Sigma Chemical Co.), and layered onto 5 ml of 67.5% Percoll. The gradients were centrifuged at 600 ϫ g for 20 min at 20°C. Liver mononuclear cells at the interface were harvested and washed twice with HBSS. In some experiments, liver mononuclear cells were suspended in RPMI 1640 medium (Sigma Chemical Co.) supplemented with 10% heat-inactivated fetal calf serum, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 10 mM HEPES.
Cell culture. Splenocytes or liver mononuclear cells were incubated without any stimulation or with purified protein derivative (PPD), LPS, or immobilized anti-CD3 MAb for 24 h at 37°C under 5% CO 2 in 96-well flat-bottomed plates in a 0.2-ml volume of RPMI 1640 medium containing 10% fetal calf serum. After incubation for 24 h, the supernatant was collected to estimate cytokine production. The cytokine activity in the supernatants was assayed by enzyme-linked immunosorbent assay (ELISA).
Cytokine ELISA. The cytokine activity in the supernatants or sera from the mice was assayed by using an ELISA development kit for mouse IFN-␥, TNF-␣, IL-12, and IL-1␤ (Genzyme TECHNE). An ELISA for mouse IL-18 was performed using a mouse IL-18 ELISA kit (MBL).
Assay for serum alanine aminotransferase activity. Liver injury was assayed by evaluating serum alanine aminotransferase (ALT) activity. This activity was determined by using a serum ALT test kit (DIA-Iatron, Tokyo, Japan). Briefly, 40 l of the serum sample was incubated with a solution containing 200 l each of L-alanine and L-ketoglutaric acid for 30 min at 37°C. Twenty minutes after the addition of 200 l of 2,4-dinitrophenylhydrazine, 2 ml of 0.4 N NaOH was added, and visible light absorption was measured at 505 nm. ALT activities (in international units per milliliter) were calculated from the standard curve.
Intracellular cytokine staining. BCG-primed mice were each injected i.v. with 10 g of LPS. At 3 h after LPS injection, splenocytes or liver mononuclear cells were harvested, washed, and suspended at 10 6 cells/ml in complete culture medium, and then the cells were incubated for 4 h at 37°C in the presence of 10 g of brefeldin A (Sigma Chemical Co.) per ml. After 4 h of incubation, the cells were harvested, washed once in HBSS containing 2.5% newborn horse serum and 0.1% NaN 3 (staining buffer), and surface stained in staining buffer with either PE-conjugated anti-CD8 MAb, Cy-Chrome-conjugated anti-CD4 MAb, and APC-conjugated CD44 or Cy-Chrome-conjugated TCR␤ and PE-conjugated NK1.1. After surface staining, cells were subjected to intracellular cytokine staining with a Fast Immune cytokine system (Becton Dickinson) according to the manufacturer's instructions. For intracellular cytokine staining, we used FITC-conjugated anti-IFN-␥ or FITC-conjugated rat IgG1 or IgG2b as isotype controls. Samples were acquired in a FACSCalibur flow cytometer and analyzed with CELLQuest software.
Statistical analysis. The statistical significance of the survival rate was determined by the generalized Wilcoxon test. Other data were determined by Student's t test. Differences with a P value of Ͻ0.05 were considered significant.
RESULTS

Susceptibility of IL-15 Tg mice primed with BCG to LPSinduced liver injury and lethal toxicity.
It is well known that pretreatment with viable BCG increases the susceptibility of mice to LPS-induced liver injury and lethal shock (14, 17, 24) . We examined survival rate and liver injury following the injection of LPS into IL-15 Tg mice that had been inoculated with BCG 7 days previously. All of the IL-15 Tg mice died after LPS injection, whereas 30% of the C57BL/6 mice survived for more than 48 h after injection with the same dose of LPS (P Ͻ 0.01) (Fig. 1A) . The ALT level in BCG-primed IL-15 Tg mice after LPS injection was significantly higher than that in BCG-primed control mice (P Ͻ 0.01) (Fig. 1B) . Thus, the overexpression of IL-15 accelerated LPS-induced liver injury and lethal shock in BCG-primed mice.
Cytokine production in BCG-primed IL-15 Tg mice after LPS injection. LPS-induced liver injury has been shown to be strongly correlated with increased production of several inflammatory cytokines such as TNF-␣ and IL-1␤. Therefore, we next examined the levels of several inflammatory cytokines (TNF-␣, IL-1␤, IL-12, IL-18, and IFN-␥) in serum after i.v. inoculation with LPS. As shown in Fig. 2 , serum TNF-␣ levels were maximal at 2 h after LPS injection, and IL-12 p40, IL-18, and IL-1␤ levels in serum were maximal at 6 h after LPS injection in both IL-15 Tg and non-Tg mice. There were no significant differences between the levels of production of these proinflammatory cytokines among IL-15 Tg mice and non-Tg mice. On the other hand, the level of IFN-␥ in serum was significantly higher at 6 h after LPS injection in IL-15 Tg mice than in non-Tg mice (P Ͻ 0.001). Thus, these results suggest that the increased susceptibility of BCG-primed IL-15 Tg mice to LPS-induced liver injury is associated with increased production of IFN-␥.
T-cell subset is responsible for increased production of IFN-␥ and susceptibility after LPS injection. To determine which population of liver lymphocytes of BCG-primed IL-15 Tg mice was responsible for increased IFN-␥ production after LPS injection, we utilized cytokine fluorescence-activated cell sorter (FACS) analysis for the expression of CD4, CD8, and intracellular IFN-␥ in liver mononuclear cells harvested 3 h after LPS injection. As shown in Fig. 3A , the number of CD8 To investigate the contribution of CD8 ϩ T cells to the increased susceptibility to LPS-induced lethal shock in BCGprimed IL-15 Tg mice, anti-CD8 MAbs were administered i.p. 1 day before LPS injection. We confirmed by FACS analysis that CD8 ϩ T cells were almost depleted in the spleens and livers of IL-15 Tg mice (data not shown). As shown in Fig. 3B , anti-CD8 MAb treatment improved the survival rate of IL-15 Tg mice primed with BCG after LPS injection (P Ͻ 0.01). Furthermore, we examined the level of IFN-␥ in serum in CD8 ϩ T cell-depleted IL-15 Tg mice after i.v. inoculation with LPS. The level of IFN-␥ in serum was significantly lower at 6 h after LPS injection in CD8 ϩ T cell-depleted IL-15 Tg mice than in control IL-15 Tg mice (Fig. 3C) . These results suggest that CD8
ϩ T cells contribute to the increased susceptibility to LPS-induced lethal shock in BCG-primed IL-15 Tg mice. (Fig. 4A ). Spleen and liver lymphocytes from BCG-primed IL-15 Tg mice produced higher levels of IFN-␥ in response to CD3 triggering than did spleen and liver lymphocytes from non-Tg mice (Fig. 4B) . On the other hand, IFN-␥ production in response to PPD was only marginally detected at this stage in both IL-15 Tg mice and control mice. Surprisingly, lymphocytes produced a significant level of IFN-␥ in response to LPS, and the level was higher in lymphocytes from BCG-primed IL-15 Tg mice than in lymphocytes from control mice (P Ͻ 0.01) (Fig. 4B) .
Memory CD8 ϩ T cells are characterized by bystander activation in response to cytokines (31, 42) . It was previously reported that IL-15-dependent memory CD8
ϩ T cells produced IFN-␥ in response to IL-12 without any Ag stimulation (41) . Therefore, we next examined the effect of exogenous IL-12 on IFN-␥ production by splenocytes from BCG-primed IL-15 Tg mice. Splenocytes from IL-15 Tg mice and control mice infected with BCG 7 days previously were cultured with murine rIL-12 and/or rIL-15 for 24 h, and the culture supernatants were examined for IFN-␥ release by ELISA. As shown in Fig. 4C , splenocytes produced IFN-␥ in response to rIL-12 or rIL-12 plus rIL-15 at levels comparable to those seen in the case of LPS stimulation, and the level of IFN-␥ production was significantly higher in IL-15 Tg mice than in control mice. To determine whether the observed IFN-␥ production following LPS stimulation was dependent on endogenous IL-12, cultures were supplemented with anti-IL-12 MAb (10 g/ml). Neutralizing IL-12 significantly suppressed IFN-␥ secretion in LPSstimulated spleen cells from both IL-15 Tg mice and control mice, indicating that endogenous IL-12 contributed to the IFN-␥ production after LPS stimulation (Fig. 4C) . These results suggest that splenocytes in BCG-primed IL-15 Tg mice produce a high level of IFN-␥ in response to bystander stimulation with endogenous IL-12. It is notable that splenocytes from BCG-primed control mice responded more vigorously to rIL-12 and rIL-15 than to rIL-12 alone. Furthermore, anti-IL-15 MAb significantly inhibited IFN-␥ production induced by LPS stimulation. These results suggest that endogenous IL-15 in BCG-primed mice, presumably induced by LPS, plays an important role in IFN-␥ production by T cells in response to LPS.
To investigate the contribution of IL-12 to LPS-induced (Fig. 4D) . These results suggested that CD44 ϩ CD8 ϩ T cells in BCG-primed IL-15 Tg mice are at least partly involved in the production of a large amount of IFN-␥ in response to bystander stimulation with IL-12.
Effects of neutralization of endogenous IFN-␥ or depletion of CD8
؉ -T-cell subset on susceptibility to LPS-induced liver injury and lethal shock in BCG-primed normal mice. Our results suggest that liver CD8 ϩ T cells in BCG-primed normal mice are involved in LPS-induced liver injury and lethal shock via IFN-␥ production in response to LPS. To elucidate this possibility, we examined the effects of neutralization of endogenous IFN-␥ or depletion of CD8 ϩ T cells by in vivo administration of anti-IFN-␥ MAb or anti-CD8 MAb on LPS-induced liver injury and lethal shock in C57BL/6 mice infected with BCG. Seventy percent of the control IgG-treated mice died within 48 h after LPS injection, whereas all of the mice given anti-IFN-␥ MAb and 85% of the mice given anti-CD8 MAb survived after LPS injection (Fig. 5A) . The level of ALT in serum was significantly lower in anti-IFN-␥ MAb-treated mice and in anti-CD8 MAb-treated mice following LPS injection than in control IgG-treated mice (Fig. 5B) . IFN-␥ production in serum was impaired by the administration of anti-CD8 ϩ cells. Cells were also stained with FITC-CD44 and PE-CD8␣, and then the analysis gate was set on lymphocytes. (B) IFN-␥ production by splenocytes and liver mononuclear cells from BCG-primed IL-15 Tg mice in response to LPS. Splenocytes and liver mononuclear cells from IL-15 Tg mice and control mice that had been infected with BCG 7 days previously were cultured with either PPD (5 g/ml), LPS (1 g/ml), or immobilized anti-CD3 MAb (20 g/ml) for 24 h at 37°C. Thereafter, the supernatants were collected, and cytokine activity was determined by ELISA. The data are representative of three independent experiments using pooled cells from three IL-15 Tg or control mice and are shown as means of triplicate determinations Ϯ SDs. **, statistically significant differences between IL-15 Tg mice and C57BL/6 mice (P Ͻ 0.01). (C) Cytokine production by splenocytes in response to rIL-15, rIL-12, or rIL-15 plus rIL-12 in IL-15 Tg and control mice was assessed by ELISA. The culture supernatants were collected, and IFN-␥ activity was determined. The effect of anti-IL-12 MAb on the production of IFN-␥ by splenocytes from BCG-primed IL-15 Tg mice in response to LPS is also shown. Splenocytes from BCG-primed IL-15 Tg and control mice were incubated with LPS in the presence or absence of 10 g of anti-IL-12-, anti-IL-15-, or anti-IL-15-plus anti-IL-12-neutralizing MAb per ml. IFN-␥ production in the culture supernatant was assessed as described above. The data are representative of two separate experiments and are expressed as means of triplicates Ϯ SDs. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ND, not detectable. MAb (Fig. 5C ). On the other hand, there were no significant differences between the levels of IFN-␥ production in serum in anti-asialo GM1 Ab-treated mice and control IgG Ab-treated mice at 6 h after LPS injection. We confirmed by FACS analysis that NK cells were almost depleted in the spleens and livers of C57BL/6 mice (data not shown). These results suggest that IFN-␥ and CD8 mainly contribute to the LPS-induced liver injury and lethal shock in BCG-primed mice not only in the situation of IL-15 overexpression but also under conditions of physiological stress. Furthermore, we next examined the effects of the in vivo administration of rIL-15 on LPS-induced lethal shock in C57BL/6 mice primed with BCG. rIL-15 or phosphate-buffered saline (PBS) for control was injected i.p. at both 2 h before and 2 h after LPS injection. As shown in Fig. 5D , 30% of PBS-treated C57BL/6 mice survived for more than 48 h after LPS injection, whereas all of the rIL-15-treated mice died within 24 h after injection with the same dose of LPS (P Ͻ 0.01). Thus, the in vivo administration of rIL-15 accelerated LPS-induced lethal shock in BCG-primed normal mice.
DISCUSSION
We found that IL-15 Tg mice primed with BCG were highly susceptible to LPS-induced liver injury and lethal shock, accompanied by an increased number of CD44 ϩ CD8 ϩ T cells expressing intracellular IFN-␥ in the liver. Depletion of CD8 ϩ T cells on susceptibility to LPS-induced liver injury and lethal shock in BCGprimed mice. C57BL/6 mice were primed with an i.v. injection of M. bovis BCG (1 mg Ϸ 10 6 CFU) via tail veins and were challenged 7 days later with an i.v. injection of LPS (10 g). Mice were treated i.p. with neutralizing anti-IFN-␥ MAb (R4 6A2), anti-CD8 MAb (2.43), or control rat IgG at 2 h before and 2 h after LPS injection. The survival of mice was checked every hour. **, significantly different from the value for control mice (P value of Ͻ0.01 by the generalized Wilcoxon test). (B) Effect of depletion of CD8 or NK cells on LPS-induced liver injury in BCG-primed C57BL/6 mice. C57BL/6 mice that had been infected with BCG 7 days previously were treated i.p. with anti-CD8, anti-asialo GM1 Ab, or isotype control IgG 24 h before LPS injection. Sera were collected at 6 h after LPS challenge from Ab-treated mice. ALT levels in serum after LPS challenge in the BCG-primed mice are shown. Data are presented as means ϩ SDs for five mice. **, P Ͻ 0.01; ***, P Ͻ 0.001. (C) Effect of depletion of CD8 ϩ T or NK cells on IFN-␥ production in BCG-infected mice. C57BL/6 mice were treated i.p. with anti-CD8 MAb, anti-asialo GM1 Ab, or control IgG 24 h before LPS injection. Sera were collected at 2 and 6 h after LPS challenge from Ab-treated mice. IFN-␥ levels in serum after LPS challenge in BCG-primed mice are shown. Data are presented as the means ϩ SDs for five mice. **, P Ͻ 0.01. (D) Effects of in vivo administration of rIL-15 on LPS-induced lethal shock in C57BL/6 mice infected with BCG. rIL-15 (2 g in 200 l of PBS) or PBS (200 l) for control was injected i.p. at 2 h before and 2 h after LPS injection, and survival was monitored for 48 h. Seven to 10 mice per group were used per experiment. The typical results of one of three independent experiments are shown. **, significantly different from the value for control mice (P value of Ͻ0.01 by the generalized Wilcoxon test).
gether, these results suggest that CD8 ϩ T cells are activated to produce IFN-␥ in a bystander manner by IL-12 released from LPS-stimulated macrophages and/or dendritic cells and contribute to increased susceptibility to LPS-induced liver injury in BCG-primed IL-15 Tg mice.
The specificity of memory-type CD8 ϩ T cells appearing in the mouse livers and spleens 7 days after BCG infection remains unknown. Since IL-15 is known to play an important role in the homeostatic proliferation of polyclonal memory CD8 ϩ T cells, it is most likely that polyclonal memory CD8 ϩ T cells are subjected to non-Ag-specific bystander stimulation through contact with IL-12 released by LPS injection. In fact, cytokine production in in vitro culture and results of cytokine FACS analysis revealed that splenocytes from mice infected with BCG 7 days previously did not significantly respond to PPD, suggesting that the CD8 ϩ T cells appearing after BCG infection are not specific for the mycobacterial Ag. However, most CD8 ϩ T cells recognize endogenous Ag in the context of MHC class I molecules, and we assayed the Ag-specific CD8 ϩ response by using exogenous PPD. Our assay system may not be appropriate for the detection of Ag specificity for CD8 ϩ T cells. It has recently been reported that CD8 ϩ T cells specific for bacterial peptide composed of formyl methionine in the context of MHC class Ib molecules H2-M3 appear at an earlier stage after bacterial infection than do conventional CD8 ϩ T cells recognizing Ag in the context of classical MHC class I molecules (8, 15) . Although a sufficient number of mycobacterial Ag-specific T cells may not be generated by 7 days after BCG infection, such unique CD8 ϩ T cells presented by MHC class Ib molecules may be involved in expansion in a bystander manner with LPS stimulation. Further experiments are needed to clarify these possibilities.
A notable finding in the present study was that T cells even from BCG-primed non-Tg mice produced a significant level of IFN-␥ in response to LPS or rIL-12 plus rIL-15. The depletion of CD8 ϩ T cells just before LPS injection or neutralization of IFN-␥ protected the mice from LPS-induced liver injury and lethal shock. This result suggests that not only in the specific situation of IL-15 overexpression in IL-15 Tg mice but also under conditions of physiological stress in non-Tg mice, IL-15-dependent CD8 ϩ T cells play an important role in the pathogenesis of LPS-induced liver injury and lethality in BCGprimed mice.
IFN-␥ is known to increase the susceptibility of various cells, including hepatocytes, to apoptosis induced by various stimuli (20, 21, 32) . Cytotoxic activities via TNF family proteins, including Fas ligand, tumor necrosis factor-related apoptosisinducing ligand, and serine proteases (among others, perforin and granzymes), are known to be involved in LPS-induced liver injury (6, 18, 36) . At present, we do not know whether CD8 ϩ T cells have cytotoxic activity against hepatocytes and other host cells. However, we found that the number of CD44 ϩ
CD8
ϩ T cells expressing granzyme B significantly increased in BCG-primed IL-15 Tg mice after LPS injection (data not shown). Cytotoxic activity via granzymes from CD8 ϩ T cells in IL-15 Tg mice may be involved in LPS-induced liver injury in addition to IFN-␥ production. There are many lines of evidence indicating the involvement of TNF-␣ in LPS-associated liver injury and lethal shock (6, 18, 36) . The present study showed that the levels of TNF-␣ in serum after LPS injection in BCG-primed IL-15 Tg mice and non-Tg mice were not different. IFN-␥ also promotes TNF-␣-mediated signaling via the inhibition of survival signaling via tumor necrosis factor receptor I (19) . Therefore, it is possible that the susceptibility of hepatocytes to TNF-␣-induced apoptosis may be increased in BCG-primed IL-15 Tg mice that produce a higher level of IFN-␥ after LPS injection. However, it was recently reported that IL-15 protected cells from TNF-␣-induced apoptosis via upregulation of antiapoptotic molecules (9) . TNF family death receptors are known to result in only low levels of activation of the upstream initiator protease, caspase 8, and the successful execution of apoptosis requires the recruitment of the mitochondrial pathway via activation of the proapoptotic Bcl-2 family protein, bid (11) . On the other hand, granzyme B is reported to induce apoptosis via direct caspase activation (7) . Therefore, granzyme B-mediated apoptosis may be more important than TNF-␣-mediated apoptosis in the pathogenesis of LPS-induced liver injury and lethal shock in BCG-primed mice. Further investigation is required to clarify this possibility.
In conclusion, the overexpression of IL-15 increased susceptibility to LPS-induced liver injury and lethal shock. CD8
ϩ T cells and IFN-␥ are critical for LPS-induced lethal shock in BCG-primed mice. IL-15 may play a pivotal role in LPS-induced lethal shock in BCG-primed models through bystander stimulation of CD8 ϩ T cells to produce IFN-␥.
